Abstract -The reliability and lifetime of many systems are very strongly related to the quality of the thermal management in many applications such as micro-and power-electronics or embedded systems. Recent technological advances lead to the development of miniaturised thermal systems. Improvement of thermo-hydraulic performance of such systems remains a great challenge. In this view, a future solution to enhance the overall performance of mini-channel heat exchanger at millimetre scale has been proposed to replace classical heat exchangers. It consists in dynamically deforming at least one of the walls in order to obtain a progressive corrugated channel. A systematic study on the different deformation parameters allowed obtaining the fluid flow and heat transfer characteristics of the system. 3-D numerical simulations were performed using commercial software based on the finite volume element in transient regime. It was observed that the dynamic deformation of the wall improves significantly the merit factor of the proposed system compared to straight and flat channel.
Introduction
The temperature control and associated heat flux management is crucial in many applications: micro -and powerelectronics, power station, air conditioners, heat pumps, chemistry, food, etc. The will to increase the performance and efficiency of these systems greatly amplifies this need as, in many situations; it becomes the limiting factor in optimizing system performance. Moreover, lifetime and reliability of many systems are very strongly related to the quality of the thermal management. Most structures today include a cooling system for extracting the heat dissipated during operation. This function must be performed throughout the operation but also act in a timely and fast way to meet sudden spikes. For example, the electrical power passes through an elementary component of the control electronics could be increased by a factor 10 or more (thus reducing the number of elementary components) if the performance of cooling system allowed evacuating the produced heat flux density.
During the last decades, significant changes in the design of power equipment have increased significantly the power density of embedded electronics. Hence the need to develop more advanced cooling systems and integrating new features. To improve heat transfer within a given system more intensified heat exchange solutions exist and are used. The majority of them are called "passive". They consist in most cases to increase and complicate the heat exchange surfaces. Notwithstanding the need to extract ever-greater powers and in some cases to specific moments brought us consider the use of techniques "active" intensification of heat transfer. These are implementing various physical mechanisms but have in common that an external mechanical power source is required for operation.
Add to this the fact that the main system mass is contained in the copper plate for the heat dissipation, the planar architecture of the electronics imposed by the cooling system and one understands the stakes in terms of compactness, performance and weight reduction.
It is nowadays common to meet chemical or thermal systems whose channels have submillimetric hydraulic diameters due to the increasing demands of new and effective mixing and heat transfer technologies for various industrial fields associated to the increasing need to control highly exothermic or explosive chemical reactions. If these systems can increase the compactness, one major drawback is the dififculty to disturb the boundary layers as lfow is mostly laminar in such smal� � devices and the net gain in terms of mass or heat transfer is due to the increase in the exchange surface. Moreover, high velocities of the lfuid are obtained due to reduced tubes cr��� -sections, leading to high pressure losses and consequently to large pumping power consumption. Also, the lfow distribution in the heat exchanger may be dififcult to control and additi�� � � � pressure losses are generated.
So, miniaturization of thermal systems involves finding dedicated solutions to maintain acceptable pumping power of the fluid simultaneously with high heat transfer and mixing efficiency. One possible way to simultaneously disturb the boundary layers and to integrate the pumping function within the heat exchanger is to generate a dynamic deformation of the channel's wall. Indeed, the disturbance of the boundary layer can be achieved by using dynamic wall deformation. Various solutions can be practically considered to generate such wall movement, as it is done in some micro pumps. For instance, the actuation of the heat exchanger's wall can be done like the actuation of a membrane in a discrete peristaltic pump [1] [2] [3] .
Nakamura et al., [4] and Kumar et al., [5] investigated numerically the inlfuence of the wall oscillating deformation� on heat transfer characteristics in a two dimensional channel. Kumar et al. present heat transfers analysis for circular millimeter size tubes with static and moving sinusoidal corrugated walls. The heat transfer coefifcient for the moving wav�� walls (standing waves) had a higher value for all frequencies compared to the static wall case (up to 35�70%). A sharp decrease in pressure drop (by a factor of 1.2 to 5) was also obtained at high amplitudes. Mainly, heat transfer and pressure drop values apparently changed erratically with wall frequency. No general trend of heat transfer and pressure drop values in respect to operating parameters was found.
Leal et al., [6] presented a numerical study to determine both fluid flow and thermal performances of a heat exchanger channel deformed by a progressive sinusoidal wave. It was demonstrated that the pumping function could be integrated in the heat exchanger allowing enhancing the heat transfer in a significant way. The flow rate and the heat transfer coefficient are function of both the travelling wave amplitude and frequency. It was proposed to control independently the value of the pressure difference and the value of the heat transfer coefficient. Thus, this technique involving a dynamic deformation of one of the channel wall may be considered for practical applications.
The aim of the present paper is to study the thermo-hydraulic performances of a mobile corrugated channel within a heat exchanger while taking into account realistic boundaries and geometry.
Geometry of dynamic channel
In order to study fluid flow and heat transfer characteristics in small-scale heat exchanger, a virtual prototype based on a flat and straight channel and further transformed in a corrugated channel has been developed as presented in Figure 1 (detailed in section 3). Such a dynamically deformed corrugated channel allows us gaining a better understanding of heat transfer and pumping performances that are influenced by several operating parameters.
In the studied configuration, the lower wall was fixed and subjected to a constant and uniform heat flux over the imprint of heating zone length (length, L of 50mm), facing the actuated zone on the upper wall. On the other hand, the upper wall has been dynamically deformed to define five sinusoidal periods along this length and was kept adiabatic like the sidewalls. The height of the channel, average distance between the two walls (δ) was 1 mm while the width (W) of the channel was 50mm. The upper wall deformation is progressively damped in inlet and outlet zones. In order to avoid numerical bias induced by reverse flow effect across boundaries, the lengths of inlet and outlet sections (reservoir zones) that were static in nature have been chosen sufficiently long (50mm) to ensure a hydro-dynamically established flow at the entrance of the heated zone and to minimize boundary constraint at the exit of the actuated zone. Furthermore, a no-slip condition was imposed on all the physical walls.
The influence of amplitude (A) and imposed pressure difference at outlet-inlet of the exchanger (ΔP s ) for a given frequency (f r ) and wavelength (λ) on thermo-hydraulic performances is studied. 3-D numerical simulations have been carried out using the commercial software StarCCM+. This software allows modelling fluid flow and heat transfer in dynamically deformed structures. The lfow was considered t� ansient, three-dimensional and laminar. The working fluid was liquid water (at 27°C). All its thermo-physical properties were supposed constant in the following systematic studies. Moreover, impact of variations in thermo-physical properties was studied for some configurations. The imposed heat power (Г) on the imprint (heated zone) was 125W. Parametric studies were carried out for the cases where the wave amplitude varies from 60% up to 98% of the channel height (δ) with an imposed frequency (f r ) of 50Hz. The average height of the channel, i.e. the mean height of the membrane (δ) is kept constant. The change in amplitude thus changes the extremal distance between membrane and heated wall. In order to avoid effects due to inlet and outlet zone characteristics the results presented here focuses on the "active zone" namely between P 1 and P 2 sections (see Figure 1 ). All representative thermo-hydraulic quantities were calculated on this zone. 
3-D numerical simulations
The flow and heat transfer in unsteady laminar flow are solved by coupling the continuity, momentum and energy equations in 3-D. The geometry is symmetrical with respect to the vertical plane passing through the central axis of the channel. This leads to the reduction in number of mesh cells to optimize computation time by dividing the simulated configuration by two compared to its actual size. The power imposed on this half channel ( =25mm) is thus 62.5W. Note that the fluid flow is considered in the z-direction while the width and height of the channel were considered in − and −directions respectively. Images of the deformed corrugated wall and mesh views are presented in Figure 1 .
Management of dynamic corrugated wall
Three functions have been used to impose the displacement of the mobile wall of the channel. The first describes the progressive sinusoidal wave, while the other two functions damp the movement in the vicinity of the lateral walls, and at the inlet and outlet of the actuated zone. The displacement of the upper wall (membrane) is defined by:
where, δ is the average height of the channel, A is the amplitude of the wave, Υ 1 and Υ 2 are two threshold functions that takes into account the different membrane deformation effects in the vicinity of the boundaries of the actuated zone,f r is the frequency, t is the time and ω is the number of waves per unit length respectively.
The two threshold functions are defined as: For lateral damping:
Similarly, for longitudinal damping: 
The mean heat transfer coefficient along −direction is defined as:
where, is the heat flux imposed on the bottom wall. In the following, the global heat transfer coefficient (〈ℎ〉) across the channel is then defined as:
where, Γ is the power imposed on the heated surface and S is the lateral surface area where flux is imposed.
Mesh convergence criteria
Mesh convergence criteria was performed on straight and flat channel (see Table 1 ). Based on these observations and the % difference in the global properties and to maintain a safety margin on the accuracy of the results, mesh size has been chosen that corresponds to 245752 cells to perform the systematic studies.
The same meshing criteria were applied for the dynamic wall case. The calculations were carried out until a periodic stationary regime is reached. This latter point is checked by comparing global heat transfer and flow characteristics: calculations are performed until the values of heat transfer coefficient between two consecutive time periods differ by less than 1 %. Consequently, an additional time period is added to extract all instantaneous and time-averaged values of all physical quantities. The chosen time step is small enough to allow an accurate description of the movement of the dynamic wall and all the thermo-hydraulic quantities. In the present work, 50 time steps per period are used.
Systematic study
Systematic thermo-hydraulic studies were first performed on flat and straight channel for the validation purpose and further extended to dynamic heat exchanger case. The impact of variable thermo-physical properties of fluid on global thermo-hydraulic properties was also investigated. It was found out that the heat transfer coefficients are slightly different (about 5%) depending on constant and variable thermo-physical properties of water for the static and straight channel. On the other hand, heat transfer coefficient is slightly increased (variation in 〈h〉 ≈1% for A <90%) and decreased (variation in 〈h〉 <3% for A >90%) compared to values obtained using constant properties of fluid for different amplitudes in using variable temperature dependent fluid properties. These tests were performed for negative pressure difference of 50Pa (ΔP s < 0). As the global thermo-hydraulic properties were not influenced by the present working thermal domain, systematic studies were further carried out using constant fluid properties. 
Straight channel: Reference case validation
Lee et al., [7] performed experiments with rectangular ducts heated on one of the longest sides by a constant imposed flux while other sides were kept adiabatic. These authors compared their results against different numerical (e.g. Wilbulswas [8] ) and analytical (e.g. Phillips [9] ) data and observed a good agreement (deviation varying from 2.4% to 8.1%). For the reference case (straight channel) validation, current numerical data obtained using constant fluid properties at mean fluid temperature were validated against experimental data of Lee et al., [7] for the aspect ratio α ≤ 0.1 in terms of Nusselt number (Nu) at a given dimensionless thermal axial distance (x * ) as presented in Figure 2 . Note that, the aspect ratio of our straight channel is α = 0.02. The difference between current numerical results and experimental data of Lee et al., [7] when α ≤ 0.1 may be due to geometric differences of the working domain as well as temperature dependent fluid properties. This excellent validation of heat transfer and mass flow characteristics for the straight channel allows us to extend and explore the thermo-hydraulic performances of dynamic wall corrugated channel in the following section as a major objective of the current work.
Dynamic corrugated channel
The global thermo-hydraulic characteristics of mass flow rate, heat transfer as functions of negative pressure differences between exit and entrance sections of the dynamic corrugated channel (ΔP s < 0) of the studied system are presented in the following sections.
Local Analysis
Local analysis is presented for a dynamic heat exchanger when A=89% and ΔP s =-10000 Pa at a given instantaneous time in Figure 3 . There is an increase in pressure in the actuated zone (dynamic progressive wall) contrary to what is observed in classical flat and straight channel. Such an increase in pressure in the actuated region helps in increasing high mass flow rate, which in turn results in high heat transfer. 
Global thermo-hydraulic performance
Conventional corrugated channels (heat exchangers) need an external pump for the fluid to flow in the inlet-outlet direction of the channel because ΔP s =(P out − P in )<0. Without external pump, the channel could have a larger upstream pressure that would cause a flow in the reverse direction, so the channel may act as a brake to the flow. In the present study, the objective is to overcome such pressure loads and obstruction to the fluid flow using dynamic corrugated channel to compensate the pressure drop due to friction within the exchanger as well as the additional pressure drops due to the rest of the hydraulic circuit. Thermal-hydraulic characteristics in terms of mass flow and heat transfer coefficient are presented as a function of the imposed negative pressure difference between the outlet-inlet of the channel in Figure 4 .
It is noted that for relatively small negative pressure differences (-1000Pa < ΔP s <-50Pa) in the heat exchanger, the mass flow rate and heat transfer coefficient follows the same tendency as shown in the works of Leal et al., [6] . This suggests that the exchanger generates high mass flow rate for high amplitudes and thus, high heat transfer coefficient was obtained. For a given frequency (f r =50Hz, in the present study), the dynamic wall drives the fluid in the same direction that the movement of sine waves. At low amplitudes, the wall pushes the fluid through simple moving contact. On the other hand, at high amplitudes (A >85%), fluid pockets are formed between each sine wave, which makes the flow reaching the value of the maximum flow rate. The heat transfer coefficient increases for high amplitudes because of the recirculation and acceleration of fluid exert in and between the pockets. Moreover, it is coupled to local pressures mainly located at the level lowest of the sine wave (minimum thickness) increasing transfer with imposed heat flux at the wall.
Higher value of negative pressure difference transforms into pressure drop and become more dominant with increasing amplitude. This leads the heat exchanger to act as a brake for the fluid flow. However, the heat transfer coefficient still attains a high value even for lower mass flow rate at higher negative pressure difference. On the other hand, it can be observed that when the amplitude increases (A >90%), the mass flow rate and heat transfer coefficient tend to reach the same values even for lower pressure differences. When pressure at the inlet is very high as compared to the outlet of the exchanger which connects directly to a prescribed flow rate, it limits the performance of the heat exchanger. Such a heat exchanger slows down greatly the fluid flow and thus, becomes 'ill-performed' because it requires more energy to obtain a dynamic corrugated wall to achieve a better performance.
Merit factor
Many researchers use the Colburn factor ( ) and friction factor ( ) to characterize heat transfer and pressure drop respectively. A surface having a higher / factor is ''good'' because it requires lower free lfow area and hence a lower� frontal area for heat exchanger. The performance of heat exchangers can be evaluated as follows:
where, ‖ΔP s ‖ is absolute value of pressure drop. Based on heat transfer obtained for negative pressure differences ( < 0), the performance of dynamically deformed corrugated channel for different amplitudes is presented in Figure 5 . For a given pressure drop ( = -50Pa), it can be observed that highest performance of mobile heat exchanger can be achieved at high amplitudes. Compared to straight and flat channel, the performance is significant (see Figure 5a ). On the other hand, the performance of the proposed system starts to decrease when pressure drop is quite high ( = -10000 Pa) irrespective of the amplitude (see Figure 5b) . It is quasiidentical what is observed in flat and straight channel. Moreover, when the pressure drop is moderate (-5000 Pa< <-1000 Pa), the performance improves only at high amplitudes ( >90%). Contrary to high-pressure drops, the performance amplifies to a very high extent when the pressure drop is low (-100 Pa< <-50 Pa) and at high amplitudes. 
Conclusion
An innovative solution is proposed for the cooling of electronic devices that consists in dynamically deforming one of the walls of heat exchanger at millimetre scale within the channel. Thermo-hydraulic characteristics were investigated in liquid single-phase lfow� and are found to be functions of amplitude and pressure drop. Heat transfer rate as well as mass flow rate follows the same increasing pattern at low amplitudes. On the other hand, at high amplitude, the mass flow rate possesses a decreasing behaviour while heat transfer rate doesn't vary significantly� A comprehensive characterization of dynamic heat exchanger was performed based on merit factor (j/f). For the identical pressure drop conditions, the performance is increased by a factor of 10-46 for dynamically corrugated heat exchanger as compared to flat and straight channel. The proposed system's performance amplifies strongly at high amplitude and at low pressure drop. Thus, increase in the overall performance of the system and substantial gain in terms of integration can be achieved.
